Data on selective cell death in the brain in conditions of convulsive activity were first obtained some 100 years ago [34] . Despite many studies in this area, there is still no unambiguous answer to the fundamental question of whether convulsions are the consequence or cause of cell death in the brain. A number of studies have demonstrated that convulsive activity can develop as a result of brain damage, though there is support for the notion that in some situations, convulsive activity induces brain damage. This latter depends on many factors, primarily the characteristics of the organism (including age), as well as on the type and duration of convulsive activity. For example, status epilepticus induces significant damage in the brain, while repeated convulsive activity in a number of models did not result in cell death [22] .
convulsions in electric shock [11, 42, 49] or chemical [1, 38] kindling. Along with their fundamental relevance, studies of this type are important for the clinical aspects of epilepsy, because clinical observations, neuropsychological investigations, biochemical studies, and tomographic data indicate that repeated convulsions induce neuron damage in the brains of patients [12] . Thus, recently obtained clinical data from MRI and PET investigations have shown that patients with temporal epilepsy have reductions in hippocampal volume and neuron density in the ipsilateral episode focus of the hemisphere. Changes in the hippocampus are thus worsened with increases in the duration of epilepsy [12, 24, 31, 45] .
The question of the mechanisms of hippocampal cell death in convulsive activity also remains open, as some authors have described neuron death as a result of apoptosis, others as a result of necrosis [11, 39, 42, 49] . On the other hand, the formation of new neurons in the hippocampus (neurogenesis) has been described in conditions of convulsion-evoked cell death [29, 40, 41] , this evidently representing a repair (compensatory) process.
The maximum electric shock model (generalized convulsive activity resulting from the action of electric currents on animals) has a number of features distinguishing it from the models mentioned above. On the one hand, application of single electric shocks in this model is used as an obligatory test for screening of antiepileptic agents [48] . On the other hand, repeated electric shocks in animals provide a complete analog of electroconvulsive therapy, which continues in clinical use for the treatment of patients with a number of mental illnesses, especially drug-resistant depression [16] resulting from schizophrenia and mania [5, 15] . The procedure consists of a series of electric shocks provoking generalized convulsive seizures. Treatment courses usually last 2.5 weeks. The standard treatment protocol consists of eight electric shock sessions separated by 48-h intervals [5] .
Electroconvulsive therapy is regarded as one of the safest approaches to the treatment of mental illnesses and produces no significant structural changes in the brain [6] . Nonetheless, data have been reported that electric shocks lead to long-lasting functional and anatomical changes in the rat brain [18] . In particular, repeated electric shocks induced long-lasting increases in synaptic efficiency in the dentate fascia [44] . Anomalous axon sprouting has also been observed, in granule cells of the dentate fascia, after electric shocks [46] . Some authors [10, 17] have reported increases in the amplitude of the population spike, lasting at least three months after the last electric shock treatment. On the other hand, the treatment has been shown to have protective effects. Thus, Masco et al. [30] found that electric shocks prevented apoptotic cell death in the hippocampus after adrenalectomy, while Kondratyev et al. [25] showed that shocks protected against apoptosis induced by convulsions evoked by kainic acid.
The question of whether cell death occurs in electric shocks remains open. Gombos et al. [18] did not see any significant reduction in the number of cells in the hippocampus after electric shocks. Nonetheless, activation of neurogenesis in the hippocampus as a result of electric shocks [29, 40] may be a compensatory response to neuron death, as described in other situations.
The aims of the present work were to: 1) determine whether neuron death occurs in the hippocampus after convulsive activity evoked by electric shocks using quantitative assessment of the numbers of cells in hippocampal fields;
2) determine, if cell death was observed, whether it occurs via the apoptotic pathway;
3) to determine whether there is a quantitative relationship between cell death in the hippocampus and convulsive activity induced by electric shocks.
METHODS
Study system and experimental protocol. Studies were performed using 49 female Balb/C mice weighing 18-22 g. Animals were kept with a 12-h light cycle (daytime: 8:00-20:00; night-time: 20:00-8:00) with free access to water and food. Mice were divided randomly into three control and three experiments groups. Animals of the group for biochemical investigations were decapitated immediately after the last electric shock, and brain tissues were used for measurements of the enzyme caspase-3 (n = 12). Two groups of mice were used for morphological studies: 1) animals decapitated two days after the last electric shock session (n = 11) and 2) animals decapitated seven days after the last electric shock session (n = 11). Each control group (one in the biochemical experimental series and two in the morphological series) consisted of five animals.
Electric shocks. As shown above, repeated electric shocks are an analog of electroconvulsive therapy used in clinical practice [5, 15] . The procedure consists of a series of electric shocks inducing generalized convulsions. Treatment courses usually last 2.5 weeks and consisted of eight sessions of electric shocks with intervals of 48 h [5] . We used a similar protocol, as close as possible to the clinical protocol, in our experiments in mice, as described by Scott et al. [40] . Experimental groups of animals were subjected to electric shocks every other day from 11:00 to 14:00, with a total of eight treatments. A direct electric current (35 mA, 0.2 sec) was applied via transcorneal electrodes. Each stimulation led to tonic-clonic convulsions lasting 8-10 sec. Mice of all control groups were subjected to the handling process, including transport into the experimental room, manual handling, and placing of electrodes, but not to electric shocks. Convulsions induced by electric shocks were assessed in points on the following scale:
1. Clonic convulsions of the forelimbs. 2. Clonic convulsions with loss of posture.
Limb tonus (mainly the hindlimbs). 4. Generalized tonus.
Estimation of caspase-3 activity. Animals for biochemical studies were decapitated and the cerebral cortex, hippocampus, and cerebellum were removed. Tissues were homogenized in extraction medium (20 mM HEPES pH 7.5, 10 mM KCl, 1.5 mM MgCl 2 , 1 mM dithiothreitol, 1 mM phenylmethylsulfonylfluoride, and 0.5 mM EDTA (all reagents from Sigma, USA) supplemented with protease inhibitors (aprotinin, pepstatin, and leupeptin (10 µg/ml each), from ICN, USA) at a ratio of 1:5 (weight:volume) in a Potter S homogenizer (Teflon-glass, Federal Republic of Germany) at a speed of 1500 rpm. Homogenates were centrifuged at 14000g for 30 min at 4°C and supernatants were used for estimation of caspase-3 activity. Caspase-3 activity was measured by a fluorimetric method as described by Yakovlev et al. [3] . Supernatants (protein concentration 2 mg/ml) were incubated for 60 min at 37°C in reaction buffer (150 mM HEPES pH 7.5, 15% sucrose, 15 mM dithiothreitol, 0.15% CHAPS detergent, 1 mM EDTA (all reagents from Sigma, USA) as two parallel samples, one containing 50 µM N-acetyl-Asp-Glu-Val-Asn-7-amino-4-trifluoromethylcoumarin (a fluorogenic substrate for caspase-3, from Biomol, USA) and the other containing 25 µM N-acetyl-Asp-Glu-Val-Asp-7-amino-4-trifluoromethylcoumarin and 5 µM N-acetyl-Asp-Glu-Val-Asp-CHO, a caspase-3 inhibitor (both from Biomol, USA).
Fluorescence was recorded on a Hitachi F-3000 (Japan) spectrofluorimeter with excitation and emission wavelengths of 400 and 490 nm respectively. Enzyme activity was calculated from the differences in substrate degradation rates in samples containing and not containing the specific caspase-3 inhibitor. The fluorescence standard was 7-amino-4-trifluoromethylcoumarin (Sigma, USA). Protein concentrations in samples were determined as described by Bradford [9] .
Morphological studies. For morphological analysis and immunohistochemical studies, mice were decapitated and brains were removed and placed in AFA fixative solution (96% ethanol:39% formalin:glacial acetic acid at a ratio of 7:2:1 by volume). After 2 h, brains were placed in 70% aqueous ethanol and were stored until used. Blocks of size 3-5 mm were cut from tissues, and these were embedded in paraffin. Frontal sections of thickness 7 µm were cut and stained by the Nissl method with cresyl violet, and were used for quantitative analyses. Identification of apoptotic cell death in brain sections was performed using a method based on attachment of digoxigenin-labeled dUTP to the 3′-OH terminals of DNA fragments with terminal deoxynucleotidyltransferase (the TUNEL method). Sections were deparaffinated in xylene and hydrated with a series of ethanol solutions of decreasing concentrations. After washing with PBS, sections were treated with a mixture of ethanol and acetone (1:1 by volume) for 10 min, washed again with PBS, and loaded with proteinase K (20 mg/ml in 25 mM Tris-HCl pH 6.0) for 15 min. Further processing was with an Apoptag kit (Intergen, USA), used in accord with the manufacturer's instructions. After the procedure, sections were stained with 1% methylene green.
Hippocampal neuron counts were performed on preparations stained by the Nissl method. Four sections were taken from each brain at the level of the dorsal hippocampus, -1.46 to -2.06 mm from the bregma, with intervals of 140 µm between sections. Sections for analysis were selected at random. Neuron numbers were assessed in hippocampal field CA1 in strips of length 400 µm (×400), and in field CA3 in rectangles of size 300 × 400 µm (×400), and in the dentate fascia in three fields of vision of size 150 × 110 µm (×1000), selected randomly. Cell counts were made using images obtained with a Camedia-4000 digital camera (Olympus Optical, USA) fitted to an Olympus CX-41 microscope (Olympus Optical, Japan). Image processing and cell counts were performed using the Image-PRO Plus program. Neuron densities in hippocampal and dentate fascia fields (numbers of neurons per section) for each animal were expressed as the arithmetic mean neuron density for four sections.
Statistical processing and analysis of results were performed on Statistica for Windows. The significance of differences was assessed using the t test for independent variables. Relationships between behavioral, morphological, and biochemical data were assessed by Spearman rank correlation analysis.
RESULTS
Morphological studies of brain sections from mice of the control and experimental groups showed no altered cells. Thus, we observed no signs of marked neurodegeneration due to electric shocks. Nonetheless, analysis demonstrated significant reductions in the neuron density in hippocampal field CA1 in the brains of animals treated with electric shocks. Comparison of control animals with experimental animals decapitated two days after the last electric shock session demonstrated a small (by 10%) but statistically significant (p < 0.02) decrease in the number of cells in field CA1 (Fig. 1) . The number of cells in field CA1 in mice decapitated seven days after the last electric shock was also significantly less than in controls (by 6%; p < 0.04) (Fig. 1) .
Counts of cell density in hippocampal field CA3 revealed no significant differences between the control and experimental groups of animals (262.8 ± 5.3, 254.2 ± 6.0, and 247.2 ± 5.8 cells per section in the control group and mice two and seven days after the last electric shock session respectively).
In the dentate fascia, neuron density two days after electric shocks were no different from control, though there was a significant difference between control animals and animals decapitated seven days after the last electric shock (by 5%; p < 0.03) (Fig. 2) .
Spearman correlation analysis revealed a significant inverse correlation between the severity of convulsions on the four-point scale and the number of cells in hippocampal field CA1 (r = -0.53; p < 0.002; n = 32). The inverse correlation between the number of cells in the dentate fascia and the severity of convulsions was less marked and was a tendency (r = -0.33; p < 0.07; n = 32).
Immunohistochemical staining for apoptosis did not reveal apoptotic nuclei in the hippocampus of animals of the control or experimental groups.
Measurement of caspase-3 activity in the cerebral cortex revealed no significant difference between experimental and control animals (see Table 1 ). Comparison of caspase-3 activity in the cerebellum also revealed no significant difference between groups (see Table 1 ). Caspase-3 activity in the hippocampus of mice subjected to electric shocks was significantly decreased compared with the level of enzyme activity in the control group (by 21%; p < 0.005). Caspase-3 activity in the hippocampus of control and experimental animals correlated significantly with the staging of convulsions, such that lower enzyme activity levels corresponded to more marked convulsions (r = -0.547; p < 0.03; n = 17).
DISCUSSION
This study reports the first quantitative analysis of cells in the hippocampus after convulsions induced by repeated electric shocks. A small (5-10%) but significant decrease in the number of cells in field CA1 and the dentate fascia was found in experimental animals. Thus, the answer to the first question addressed in this study is positive: neuron death in the hippocampus does occur in electric shocks. Overall, cell death in field CA1 was more marked than in the dentate fascia. This may be associated with the different susceptibilities of these hippocampal zones. Another possible explanation of this difference may be the fact that it was in the subgranular zone of the dentate fascia that Scott et al. [40] observed marked neurogenesis after convulsions induced by electric shocks applied using the protocol also used here. Despite the fact that this study did not include quantitative assessment of increases in cells, it can be suggested that the neurogenesis observed was reparative in nature, i.e., the increase in neurogenesis in this situation resulted from death of a proportion of the cells. It is interesting to note that similar results have also been obtained in humans given courses of electroconvulsive therapy: neurogenesis was increased in the dentate fascia of these patients [13] . Thus, cell death may be the stimulus for increased neurogenesis as a compensatory mechanism in a variety of lesions [19] . This partial compensation of the number of cells in the dentate fascia may explain the results obtained in the present study. It should be noted that the small but significant decrease in the number of neurons in the dentate fascia of mice could be detected at seven days (but not at two days) after electric shocks. This may be evidence that unlike the situation in field CA1, neurons in the dentate fascia show progressive continuing death over a longer period after the end of the stimulus. In electric shocks, death may afflict both "old" neurons and neurons appearing in response to convulsive activity-induced neurogenesis but not surviving for various reasons.
The small (in absolute terms) decrease in neuron density may explain the fact that previous morphological analysis did not allow the investigators to detect this phenomenon [18] . Support for the absence of cell death in electric shock in animals, considering data on the absence of neuronal markers in the blood of patients given electroconvulsive therapy [6] , also creates the impression that cell death does not occur in convulsions induced by electric Zarubenko, Yakovlev, Stepanichev, and Gulyaeva 718 Fig. 1 . Effects of electric shock-induced convulsions on the numbers of cells in hippocampal field CA1 in mice. The vertical axis shows cell density, neurons/section. Columns show data for groups of animals: the white column shows controls, the shaded column shows experimental animals two days after the last electric shock session, and the black column shows experimental animals seven days after the last electric shock session. *p < 0.05, Student's t test. Fig. 2 . Effects of electric shock-induced convulsions on cell numbers in the dentate fascia in mice. For further details see caption to Fig. 1 shocks. The detailed quantitative analysis conducted in the present studies demonstrates the converse.
The second question addressed in the present study was associated with the possible involvement of apoptotic neuron death in electric shock-induced neurodegeneration. Despite the formally negative data, the answer to this question may be ambiguous. On the one hand, in fact, it can be suggested that the observed cell death is not associated with apoptosis, as immunohistochemical staining did not demonstrate apoptotic nuclei. Furthermore, rather than the increase in caspase-3 activity expected in the hippocampus in the presence of apoptosis, we observed a decrease in caspase-3 activity in the hippocampus of experimental animals. Furthermore, this decrease (by some 20%) was even more marked than the level of cell death in hippocampal field CA1 and the dentate fascia (5-10%). Brain sections stained by the Nissl method showed no necrotic cells or signs of glial activation.
However, despite the absence of evidence supporting apoptotic death, we cannot exclude it. Firstly, it can be suggested that most cell death in field CA1 occurs quite rapidly after the first electric shock sessions. Secondly, if we suggest that cell death in the hippocampus occurs gradually, then our results show that an average of some 0.25-0.5% of field CA1 cells die per day. Since the total number of cells counted in field CA1 was 240-260, we were able to see no more than one relevant cell per section in our studies. Similar results were also obtained in the dentate fascia. It should also be noted that apoptotic cells do not remain in the tissue for long periods of time, but are rapidly eliminated by phagocytosis. In other words, our experiments would not be able to demonstrate small numbers of apoptotic cells. Thirdly, despite the prevailing view that activation of caspase-3 is mainly associated with apoptosis of nerve cells, data contradicting this view have also been obtained. Thus, mechanisms of apoptosis without caspase-3 activation have been observed [14] . Caspase activation in turn does not always lead to apoptosis, but may be involved in the mechanisms of neuroplasticity [3, 4, 20, [26] [27] [28] . Data obtained by Mattson et al. [32, 33] indicate that the enzymes of the apoptotic cascade may alter signaling associated with synaptic plasticity. In particular, it has been established that caspase-3 can be activated locally in synapses and dendrites without affecting nuclear processes and, consequently, not obligately leading the neuron to apoptosis. Thus, increases in caspase-3 activity are not always evidence of increases in apoptotic processes and, conversely, the presence of apoptosis is not always associated with activation of caspase-3. It should also be noted that recent studies have yielded data on the realization of other, caspase-3-independent, pathways of brain neuron death coexisting with apoptotic and necrotic cell death [43] . In view of these points, we can neither confirm nor exclude neuron death by the apoptotic pathway in the electric shock model used here.
The third question addressed in this study related to the possible connection between neuron death and convulsive activity. Despite the fact that the existence of a significant correlation is not evidence for a cause-effect relationship between parameters, the significant inverse correlation between the severity of convulsive activity and neuron density in hippocampal field CA1 suggests that neuron death in this field is a result of convulsions. That fact that this correlation in the dentate fascia was only a tendency may be associated with possible "masking" of such a relationship by increases in neurogenesis in this part of the hippocampus in conditions of electric shocks ( [13, 44] , see discussion above). The inverse correlation between the severity of convulsions and caspase-3 activity would appear to be a direct reflection of cell death due to electric shocks, if we suggest that the mean enzyme activity in cells is not significantly altered by its actions. Our data allow us to provide a positive response to the question of the link between convulsive activity in electric shock and cell death in particular regions of the hippocampus. The experimental conditions (the impossibility of fixing brains for morphological studies and simultaneously measuring caspase-3 within them) prevented analysis of direct correlational relationships between caspase-3 activity and hippocampal neuron death. However, considering the inverse correlations between each of these parameters and convulsive activity, we can suggest that decreases in caspase-3 activity in conditions of increased convulsive activity are associated primarily with neuron death.
In a recent review [22] , Holmes analyzed published data relating to brain damage evoked by convulsive activity and noted that neuron death after repeated convulsions is not as marked as in status epilepticus. This is documented particularly in models of kindling, but has not been demonstrated in conditions of repeated electric shocks [18] . This makes it all the more surprising that a single convulsion can lead to apoptosis of neurons in the brain [8] . Despite the Electroconvulsive Shock Induces Neuron Death in the Mouse Hippocampus 719 absence of support for cell death as a result of electric shocks in previously published reports, many authors have observed long-lived neuronal changes after such shocks. Increases in metabolism were demonstrated [37] , along with increases in fosB gene expression, whose target is the gene encoding one of the subunits of the NMDA receptor [21] , and long-lasting increases in population spike amplitude in the dentate fascia [10, 44] . Despite support from several authors for the view that electric shock is not a cause of significant structural damage [34, 37] in the brain, longlasting shock-induced sprouting has been demonstrated in the dentate fascia [18] .
CONCLUSION
The data reported here support the concept that significant functional changes following repeated electric shocks do occur; they deepen our understanding of this phenomenon by providing direct evidence for a moderate (up to 10%) but significant level of neuron death in particular parts of the hippocampus due to shocks. The inverse correlations between the numbers of cells and the severity of convulsions suggests that convulsions are the main cause of neuron death induced by electric shocks. The approaches used here did not allow us to establish definitively whether neuron death occurs by apoptosis, though they exclude necrotic processes.
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